The magnetic order of the localized Eu 2+ spins in optimally-doped Eu(Fe1−xIrx)2As2 (x = 0.12) with superconducting transition temperature TSC = 22 K was investigated by single-crystal neutron diffraction. The Eu 2+ moments were found to be ferromagnetically aligned along the c-direction with an ordered moment of 7.0(1) µB well below the magnetic phase transition temperature TC = 17 K. No evidence of the tetragonal-to-orthorhombic structural phase transition was found in this compound within the experimental uncertainty, in which the spindensity-wave (SDW) order of the Fe sublattice is supposed to be completely suppressed and the superconductivity gets fully developed. The ferromagnetic groud state of the Eu 2+ spins in Eu(Fe0.88Ir0.12)2As2 was supported by the first-principles density functional calculation. In addition, comparison of the electronic structure calculations between Eu(Fe0.875Ir0.125)2As2 and the parent compound EuFe2As2 indicates stronger hybridization and more expanded bandwith due to the Ir substitution, which together with the introduction of electrons might work against the Fe-SDW in favor of the superconductivity.
I. INTRODUCTION
The discovery of unconventional superconductivity in the iron pnictides in 2008 1 has provided a new opportunity to study the intriguing interplay between superconductivity and magnetism, as the superconductivity in the Fe-based superconductors was again found to emerge in close proximity to the magnetic instability, 2, 3 similar to that in cuprates and heavy-fermion compounds. Among various classes of Febased superconductors, the ternary "122" family, AFe 2 As 2 (A = Ba, Sr, Ca, etc) has attracted more attention due to the relative high superconducting transition temperature (T SC ) and the ease in obtaining large, high-quality single crystals.
EuFe 2 As 2 is a unique member of the "122" family as it contains two magnetic sublattices. The A site is occupied by an S -state rare-earth Eu 2+ ion possessing a 4f 7 electronic configuration with an electron spin S = 7/2, corresponding to a theoretical effective magnetic moment of 7.94 µ B . 4 This compound undergoes a spin-density-wave (SDW) transition in the Fe sublattice concomitant with a tetragonalto-orthorhombic structural phase transition below 190 K. In addition, the localized Eu 2+ spins order in an A-type antiferromagnetic (A-AFM) structure (ferromagnetic layers ordering antiferromagnetically along the c direction) below 19 K. [5] [6] [7] As in other iron pnictides, superconductivity can be achieved in the EuFe 2 As 2 family when the structural distortion and the SDW order of Fe are significantly suppressed by either chemical substitution [8] [9] [10] [11] [12] or application of external pressure. 13, 14 However, there is no clear picture so far regarding how the magnetic order of the Eu 2+ spins evolves with doping or pressure and how it is linked to the superconductivity. Recently, by means of neutron diffraction and resonant magnetic x-ray scattering, the authors have determined the magnetic structure of superconducting Eu(Fe 1−x Co x ) 2 As 2 (x = 0.18, T SC = 8 K ) 15 and EuFe 2 (As 1−x P x ) 2 (x = 0.15 and 0.19, T SC = 25 K and 27 K, respectively). 16, 17 In both systems, the Eu 2+ spins order ferromagnetically in the superconducting state. The difference between the two systems mentioned above is that in P-doped EuFe 2 As 2 , the superconducting transition temperatureT SC is higher than the Curie temperature T C (19 K), while in the Co-doped compound, the sequence is inversed with T C (17 K) higher than T SC . The coexistence of ferromagnetism and superconductivity, two antagonistic collective phenomena, makes the doped EuFe 2 As 2 system quite striking and more attentions are being attracted onto the exploration for exotic superconductivity within this family.
Recently, superconductivity was observed in 5d transition metal element doped Eu(Fe 1−x Ir x ) 2 As 2 with T SC up to~22 K. 12, 18 However, the magnetic structure of the Eu 2+ moments near the optimal Ir-doping level re-mains quite controversial. 12, 18 Based on macroscopic measurements on pollycrystalline samples, Paramanik et al. 18 proposed a canted antiferromagnetic structure with a ferromagnetic component as the magnetic ground state of the Eu 2+ spins for Eu(Fe 0.86 Ir 0.14 ) 2 As 2 with T SC = 22.5 K. Meanwhile, Jiao et al. 12 concluded a ferromagnetic groud state for Eu(Fe 0.88 Ir 0.12 ) 2 As 2 with T SC = 22 K based on similar measurements using a single crystal and further proposed a temperature-induced spin-reorientation scenario, in which the Eu 2+ spins tilt from ab plane to the c-axis while cooling. Thus, it is important to unambiguously determine the real magnetic ground state of the Eu 2+ spins in optimallydoped Eu(Fe 1−x Ir x ) 2 As 2 by neutron diffraction, the preferred experimental method for the bulk probe of the magnetic order. However, due to the large neutron absorption cross sections of both Eu and Ir, the neutron diffraction measurement on such material is quite challenging. Nevertheless, by significant reduction of the absorption effect using hot neutrons, such measurements were proved to be feasible for platelike crystals of good quality according to our previous experiences on similar Eu-containing iron pnictides. 6, 15, 19 Here we present the results of our neutron diffraction measurements on a highquality Eu(Fe 1−x Ir x ) 2 As 2 (x = 0.12) single crystal, which is at the optimal Ir-doping level for superconductivity (T SC = 22 K). The magnetic ground state of the Eu 2+ spins is revealed to be a ferromagnetic alignment along the c-direction. This experimental result is supported by first-principles magnetic structure calculations. We do not find any evidence for the temperature-induced spin-canting scenario of the Eu 2+ moments. In addition, no evidence suggesting the existence of a structural phase transition is observed. By comparison with the Co-doped EuFe 2 As 2 , the role of 5d Ir is revealed to be more effective in introducing robust superconductivity, which might be correlated to the broadening of the bands and increasing hybridization caused by the Ir substitution, as suggested by the band structure calculations.
II. EXPERIMENTAL DETAILS AND THEORETICAL METHODS
Single crystals of Eu(Fe 1−x Ir x ) 2 As 2 (x = 0.12) were grown from self-flux (Fe, Ir)As. 12 The as-grown crystals could be easily cleaved. The c axis is perpendicular to their surfaces, as confirmed by x-ray diffraction. The chemical composition of the crystals was determined by energy dispersive xray (EDX) analysis. A 24 mg platelike single crystal with dimensions~4 × 4 × 0.5 mm 3 was selected for the neutron diffraction measurements, which were performed on the hot-neutron four-circle diffractometer HEIDI at Heinz MaierLeibnitz Zentrum (MLZ), Garching (Germany). 20 A Ge (4 2 2) monochromator was chosen to produce a monochromatic neutron beam with the wavelength of 0.793 Å, for which the neutron absorption cross section of Eu and Ir is reduced to 1998 and 187 barns, respectively. An Er filter was used to minimize the λ/2 contamination. The single-crystal sample was mounted on a thin aluminum holder with a small amount of GE varnish and put inside a standard closed-cycle cyrostat.
The diffracted neutron beam was collected with a 3 He single detector. The integrated intensities of 508 (154 independent) reflections at 25 K (above the magnetic ordering temperature of the Eu 2+ moments) and 478 (145 independent) reflections at 2.5 K, respectively, were collected via rocking-curve scans. The obtained reflection sets at both temperatures were normalized to the monitor and corrected by the Lorentz factor. The DATAP program was used for the absorption correction by considering the size and shape of the crystal. 21 Refinement of both nuclear and magnetic structures was carried out using the FULLPROF program suite. 22 For macroscopic characterizations, a platelike crystal of 12.9 mg from the same batch was used. The resistivity and magnetization were measured using a Quantum Design physical property measurement system (PPMS) and a Quantum Design magnetic property measurement system (MPMS), respectively.
The first-principles calculations presented in this work were performed using the projected augmented-wave method, 23 as implemented in the VASP code. 24 The exchange-correlation potential was calculated using the generalized gradient approximation (GGA) as proposed by Pedrew, Burke, and Ernzerhof. 25 We have included the strong Coulomb repulsion in the Eu-4f orbitals on a mean-field level using the GGA+U approximation. There exist no spectroscopy data for EuFe 2 As 2 and Eu(Fe 1−x Ir x ) 2 As 2 . Therefore, throughout this work, we have used a U of 8 eV, 26 which is the standard value for an Eu 2+ ion. The results were checked for consistency with varying U values. We did not apply U to the itinerant Fe 3d orbitals. Additionally, the spin-orbit coupling is included for all atoms with the second variational method in the calculations. These calculations were performed using the experimental crystal structure, as determined by the neutron diffraction measurements, while all the atomic positions were optimized until the largest force on each atom was 0.005 eV/Å).
III. RESULTS

A. Macroscopic characterizations
The temperature dependence of the normalized in-plane resistivity (ρ ab ) of the Eu(Fe 0.88 Ir 0.12 ) 2 As 2 single crystal is shown in Fig. 1 . The resisitivity decreases linearly while cooling and no anomaly associated with possible phase transitions is observed until a sharp superconducting transition occurs at T SC = 22 K. The zero-resistance state is achieved below 20.5 K, as illustrated in the inset of Fig. 1 . The superconducting transition temperature of this sample is the achievable maximal value in the series of Eu(Fe 1−x Ir x ) 2 As 2 single crystals. Therefore we refer this sample with x = 0.12 as the optimallydoped one. The optimal T SC around 22 K is quite close to that of the polycrystalline Eu(Fe 1−x Ir x ) 2 As 2 (22.6 K for x = 0.14) 18 but the reentrant behavior of the resistivity reported there is not observed in our single crystal sample. distinct diamagnetic response associated with the superconducting transition appears below T SC = 22 K for the zerofield-cooling (ZFC) susceptibility, consistent with the sudden drop in the ρ-T curve. With further cooling the diamagnetic signal is weakened by the onset of the ferromagnetic order of the Eu 2+ spins around 17 K (T C ) as revealed by our neutron measurements presented below, where the ZFC susceptibility reaches a local maximum. When the temperature is further decreased, the superconductivity wins over the ferromagnetism of the Eu sublattice and the ZFC susceptibility decreases again. The absence of the Meissner state as shown in the fieldcooling (FC) susceptibility seems a common feature in various superconducting Eu-based "122" compounds, 11, 12, 27 probably due to the very strong internal field produced by the ferromagnetism of the localized Eu 2+ moments. Detailed macroscopic measurements on the same crystal have confirmed the bulk property of the superconductivity. 
B. Neutron diffraction
Previous single-crystal neutron diffraction measurements have revealed that the parent compound EuFe 2 As 2 undergoes a structural phase transition (SPT) from tetragonal (space group I4 /mmm) to orthorhombic (Fmmm) below T S = 190 K. 6 With chemical doping, the transition temperature T S is suppressed in favor of the occurrence of superconductivity. 15, 16 In order to clarify the presence or absence of such SPT in the superconducting Eu(Fe 0.88 Ir 0.12 ) 2 As 2 , the rocking-curve scan of the (2 2 0) T reflection (in the tetragonal notation), which is most sensitive to the in-plane structural distortion, was performed at different temperatures while cooling. Figure 3(a) shows the temperature dependencies of both the integrated intensity and the full-width-at-half-maximum (FWHM) of the (2 2 0) T peak together with those of the (0 0 8) T peak, which is shown for comparison. It is evident that the integrated intensity of the (2 2 0) T peak evolves smoothly, without showing any anomaly related to the orthorhombic distortion. 15, 28 Although the (2 2 0) T peak broadens while cooling, it behaves in a very similar way as the (0 0 8) T peak, indicating that all the reflections uniformly broaden while cooling and no tetragonal-toorthorhombic SPT can be identified. This might be due to slight bending of the crystal during the cooling process. To be more confident about the absence of the SPT, two dimensional Q scans in the orthorhombic (H K 0) O plane were performed at 5.5 K and shown in Fig. 3(b) . Only a single peak centered at (4 0 0) O or (2 2 0) T can be observed. The diffuse ring appearing on the high-Q side of the (4 0 0) O peak is due to the reflection from the aluminum sample holder. The absence of the SPT in superconducting Eu(Fe 0.88 Ir 0.12 ) 2 As 2 is well consistent with the linear temperature dependence of the in-plane resistivity above T SC as shown in Fig. 1 , from which no change in the Fermi surface nesting is expected. This is in stark contrast to the case of the 3d Co-doped superconducting Eu(Fe 0.82 Co 0.18 ) 2 As 2 , where the SPT was revealed by neutron diffraction to occur around 90 K, the temperature where a pronounced kink in the the ρ ab -T curve can be observed. 15 Since the SDW order of the Fe 2+ moments generally follows the occurence of the SPT closely, it is unlikely that the antiferromagnetism of Fe develops in Eu(Fe 0.88 Ir 0.12 ) 2 As 2 . Here both the SPT and the Fe-SDW order are believed to be completely suppressed.
To conclude about the magnetic ground state of the Eu 2+ moments, rocking curve scans of several representative reflections were performed at both 25 K and at the base temperature, which are above and well below the magnetic transition temperature of the Eu sublattice, respectively. As shown in Fig.  4 (a) and (b), the weak nuclear reflections at 25 K, (1 1 0) T and (1 0 1) T , are remarkably enhanced at the base temperature, indicating a huge ferromagnetic contribution from the Eu
2+
spins. On the other hand, the (0 0 6) T reflection shows no discernible change upon cooling [ Fig. 4(c) ], suggesting that the ferromagnetic component of the Eu 2+ spins in the ab plane is almost zero or can't be resolved within the experimental uncertainty. 29 In other words, within our experimental uncertainty, the Eu 2+ spins are ferromagnetically aligned along the c direction in the ground state. 12 The temperature dependence of the integrated intensity of the (1 1 0) T reflection is plotted in Fig. 4(d) . Fitting of the order parameter using the power law I -I 0 ∝(T -T C ) 2β close to the transition yields the ferromagnetic transition temperature T C = 16.89(7) K and the exponent β = 0.31(2), close to the critical exponent of the threedimensional Ising model (β = 0.326). T C determined here is in good agreement with the value from the magnetization measurement (Fig. 2) . In addition, in Ref. 12 , a temperatureinduced spin-reorientation scenario was proposed for the same compound, in which the ferromagnetic Eu 2+ spins flop from the c-direction into the ab plane when the temperature is between 17.4 K and 20 K. According to our observation, such preceding in-plane ferromagnetism, if indeed developed, can not be long-range ordered, since the integrated intensity of the (0 0 6) T reflection, which is most sensitive to the in-plane, long-range ordered ferromagnetic component, remains almost constant below 25 K. The magnetic moment of the Eu 2+ spins is pinned along the c-axis below T C based on our measurements. However, the possibility of a short-range or fluctuating in-plane ferromagnetism above T C can't be ruled out.
Furthermore, two Q scans along the (1 0 L) T and (1 1 L) T directions were performed at base temperature, as shown in Fig. 5(a) and Fig. 5(b) , respectively. No magnetic peaks corresponding to the antiferromagnetic order of the Eu 2+ moments occuring in the parent compound are observed at (1 0 0) T and (1 1 1) T , excluding the existence of any significant amount of undoped or underdoped impurity in the crystal. The magnetic contribution superimposed on the nuclear peak positions, again suggests a ferromagnetic ground state for the Eu 2+ spins with the magnetic propagation vector k =(0 0 0).
To determine precisely the nuclear and magnetic structures of Eu(Fe 0.88 Ir 0.12 ) 2 As 2 , the integrated intensities of 508 reflections at 25 K and 478 reflections at 2.5 K were collected. After the absorption correction procedure, the structures were refined using the FULLPROF program within the I4 /mmm space group, since no evidence for the tetragonalorthorhombic structural phase transition was found in both neutron nor resistivity measurements. The results of the refinements are listed in Table 1 . The nuclear structure of Eu(Fe 0.88 Ir 0.12 ) 2 As 2 shows no evident difference between 2.5 
, where the index n runs over the observations and the index k runs over the reflections contributing to the observation n. G 2 is the square of the structure factor. wn = 1 /σ 2 n is the weight where σ 2 n is the variance of G obs,n . and 25 K, and the reflections at 2.5 K could be well refined with addition of a ferromagnetic Eu 2+ moment of 7.0(1) µ B purely along the c direction. The calculated intensities of nonequivalent reflections according to the refined nuclear and magnetic model are plotted against those observed in Fig. 6 . Considering the difficulty associated with the absorption correction on the irregular-shaped crystal, the calculated and observed intensities are in good agreement.
The magnetic ground state of the Eu 2+ spins in superconducting Eu(Fe 1−x Ir x ) 2 As 2 (x = 0.12) is quite similar to that in superconducting Eu(Fe 1−x Co x ) 2 As 2 (x = 0.18), 15 in which the Eu 2+ moments also order ferromagnetically along the c- direction as determined by neutron diffraction. However, both the SPT and the SDW order of Fe occur in the Co-doped compound, while they were completely suppressed in the Ir-doped crystal with the doping level even 6% lower. Considering the very similar effect in introducing the electron carriers of Co (3d 7 4s
2 ) and Ir (5d 7 6s 2 ), the more effective suppression of the SPT and the Fe-SDW in the Ir-doped EuFe 2 As 2 can be attributed to the role of more extended 5d orbitals for Ir. This will be further discussed below.
C. First-principles calculations
To better understand the role of 5d Ir doping, the electronic structure calculation for Eu(Fe 0.875 Ir 0.125 ) 2 As 2 was performed using supercell method in the quenched paramagnetic state on the Fe layers, in which no spin polarization is allowed on the Fe or Ir ions in the calculations. The density of states (DOS) of Eu(Fe 0.875 Ir 0.125 ) 2 As 2 is shown in Fig. 7(b) and compared with that of the parent compound EuFe 2 As 2 ( Fig. 7(a) ). Similar to the parent compound, the Eu 4f states in Eu(Fe 0.875 Ir 0.125 ) 2 As 2 are also quite localized, indicating that the Eu ions are in the stable 2+ valence state with a half filled 4f shell. Apart from the Eu 4f states, the remaining DOS changes significantly with Ir-doping. The enhancement of the band filling below the Fermi level (from 48.60 states/f.u. in EuFe 2 As 2 to 49.24 states/f.u. in Eu(Fe 0.875 Ir 0.125 ) 2 As 2 , as estimated by integrating the calculated total DOS below the Fermi level in Fig. 7(a) and (b), respectively) indicates that the substitution of Ir for Fe introduces electrons, similar to the effect of Co-doping. The total DOS at the Fermi level in Eu(Fe 0.875 Ir 0.125 ) 2 As 2 is 5.06 eV −1 per unit cell, slightly reduced from 5.14 eV −1 per unit cell in EuFe 2 As 2 . This decrease in the total DOS at the Fermi level is accompanied by the broadening of the d -band width caused by the Ir substitution. As shown in Fig. 7 , for Eu(Fe 0.875 Ir 0.125 ) 2 As 2 , the Fe 3d band distributes throughout the range from -6.0 eV to 4.0 eV, more extended compared with that in the parent compound, which distributes from -5.5 eV to 3.8 eV. Meanwhile, the width of the As 4p band also increases, reflecting stronger d − p hybridization due to the Ir doping. This might be attributed to the much more extended 5d orbitals of Ir compared with the 3d orbitals of Fe. The stronger hybridization and expanded bandwith is not favorable for Fermi surface nesting, and thus suppresses the structural distortion and the Fe-SDW transition leading to the emergence of superconductivity. This scenario is similar to that found for superconducting Sr(Fe 1−x Ir x ) 2 As 2 by electronic structure calculations, where the suppression of the Fe-SDW order was attributed to the combined effects of the reduction in the Stoner enhancement, the increase in the bandwidth due to the hybridization involving Ir, and the additional introduction of electrons caused by the Ir substitution. 31 In fact, further calculation indicates that in Eu(Fe 0.875 Ir 0.125 ) 2 As 2 , the Fe-SDW is indeed completely suppressed and the magnetic ground state of the Fe 2+ moments might be even ferromagnetic (with a very small moment of~0.06 µ B ), probably resulting from the proximity effect of the ferromagnetic order in the Eu layers.
Energies of different possible magnetic structures of the Eu 2+ moments in Eu(Fe 0.875 Ir 0.125 ) 2 As 2 were also calculated and listed in Table II . Theoretically, the ferromagnetic alignment of the Eu 2+ spins along the c-direction is indeed the most favored configuration, in good agreement with the observation presented in Section B. The magnetic order of the Eu 2+ spins does not play an important role in influencing the magnetism of the Fe sublattice and in contributing to the appearance of superconductivity. The two magnetic sublattices are almost decoupled. 5, 6, 15 
IV. DISCUSSION AND CONCLUSION
The coexistence of of superconductivity with a ferromagnetic ground state of the Eu 2+ moments seems to be a common feature of doped EuFe 2 As 2 , as it was universally observed in P-doped, 16 Co-doped, 15 , Ru-doped, 32 , and here in Irdoped EuFe 2 As 2 . Although the role of dopants in suppressing the SPT and the Fe-SDW might be different to some extent, they tend to adjust and modify the indirect Ruderman-KittelKasuya-Yosida (RKKY) interaction among the Eu 2+ spins in a very similar way, tuning the magnetic order of the Eu sublattice from A-type AFM in the non-superconducting parent compound to FM in the superconducting doped compound. It is intriguing that how the two antagonistic phenomena, superconductivity and ferromagnetism, can coexist in these compounds. As one possible solution of this puzzle, the existence of a spontaneous vortex state was suggested. 11 However, direct evidences for such a state are still lacking and additional measurements such as small angle neutron scattering (SANS) are needed.
In summary, the magnetic order of localized Eu 2+ spins in optimally-doped Eu(Fe 1−x Ir x ) 2 As 2 (x = 0.12) with superconducting transition temperature T SC = 22 K was investigated by single-crystal neutron diffraction. The Eu 2+ moments were found to be ferromagnetically aligned along the c-direction with an ordered moment of 7.0(1) µ B well below the magnetic phase transition temperature T C = 17 K. The observed ordered moment is well consistent with the theoretical value of 7µ B for an Eu 2+ ion. No evidence of the tetragonalto-orthorhombic structural phase transition was found in this compound within the experimental uncertainty, in which the spin-density-wave (SDW) order of the Fe sublattice is supposed to be completely suppressed and the superconductivity is fully developed. The ferromagnetic ground state of the Eu 2+ spins in Eu(Fe 0.88 Ir 0.12 ) 2 As 2 is supported by first-principles magnetic structure calculations. In addition, comparison of the electronic structure calculations between Eu(Fe 0.875 Ir 0.125 ) 2 As 2 and the parent compound EuFe 2 As 2 indicates stronger hybridization and more expanded bandwith due to the Ir substitution, which together with the introduction of electrons might work against the Fe-SDW in favor of superconductivity.
